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1
CARBON-COATED LITHIUM IRON
PHOSPHATE OF OLIVINE CRYSTAL
STRUCTURE AND LITHIUM SECONDARY
BATTERY USING THE SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of PCT International
Application No. PCT/KR2011/002829 filed on Apr. 20,2011,
which claims priority under 35 U.S.C. 119(a) to Application
No. 10-2010-0036760 filed in Republic of Korea on Apr. 21,
2010, all of which are hereby expressly incorporated by ref-
erence into the present application.

TECHNICAL FIELD

The present invention relates to lithium iron phosphate
having an olivine crystal structure. More specifically, the
present invention relates to lithium iron phosphate having an
olivine crystal structure, wherein the lithium iron phosphate
has a composition represented by the following Formula 1
and carbon (C) is coated on the surface of the lithium iron
phosphate by chemical bonding via a heterogeneous element
other than carbon.

BACKGROUND ART

Technological development and increased demand for
mobile equipment have led to a rapid increase in the demand
for secondary batteries as energy sources. Among these sec-
ondary batteries, lithium secondary batteries having high
energy density and voltage, long lifespan and low self-dis-
charge are commercially available and widely used.

The lithium secondary batteries generally use a carbon
material as an anode active material. Also, the use of lithium
metals, sulfur compounds, silicon compounds, tin com-
pounds and the like as the anode active material have been
considered. Meanwhile, the lithium secondary batteries gen-
erally use lithium cobalt composite oxide (LiCoO,) as a cath-
ode active material. Also, the use of lithium-manganese com-
posite oxides such as LiMnO, having a layered crystal
structure and LiMn,O, having a spinel crystal structure and
lithium nickel composite oxide (LiNiO,) as the cathode
active material has been considered.

LiCo0, is currently used owing to superior physical prop-
erties such as cycle life, but has disadvantages of low stability
and high-cost due to use of cobalt, which suffers from natural
resource limitations, and limitations of mass-use as a power
source for electric automobiles. LiNiO, is unsuitable for
practical application to mass-production at a reasonable cost
due to many features associated with preparation methods
thereof. Lithium manganese oxides such as LiMnO, and
LiMn,O, have a disadvantage of short cycle life.

In recent years, methods to use lithium transition metal
phosphate as a cathode active material have been researched.
Lithium transition metal phosphate is largely divided into
LixM,(PO,); having a Nasicon structure and LiMPO, having
an olivine structure, and is found to exhibit superior high-
temperature stability, as compared to conventional LiCoO,.
To date, Li,V,(PO,), is the most widely known Nasicon
structure compound, and LiFePO, and Li(Mn, Fe)PO,, are the
most widely known olivine structure compounds.

Among olivine structure compounds, LiFePO, has a high
output voltage of 3.5V and a high theoretical capacity of 170
mAh/g, as compared to lithium (Li), exhibits superior high-
temperature stability, as compared to cobalt (Co), and utilizes
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cheap Fe as an ingredient, thus being highly applicable as the
cathode active material for lithium secondary batteries.

Among olivine structure compounds, LiFePO, has a high
output voltage of 3.5V, a high volume density of 3.6 g/cm®,
and a high theoretical capacity of 170 mAh/g, as compared to
lithium (L1), and exhibits superior high-temperature stability,
as compared to cobalt (Co), and utilizes cheap Fe as an
ingredient, thus being highly applicable as a cathode active
material for lithium secondary batteries.

However, LiFePO, disadvantageously causes an increase
in internal resistance of batteries due to low electrical con-
ductivity, when used as a cathode active material. For this
reason, when battery circuits are closed, polarization poten-
tial increases, thus decreasing battery capacity.

In order to solve these problems, Japanese Patent Applica-
tion Publication No. 2001-110414 suggests incorporation of
conductive materials into olivine-type metal phosphates in
order to improve conductivity.

However, LiFePO, is commonly prepared using [.i,CO; or
LiOH as a lithium source, by solid state methods, hydrother-
mal methods and the like. Lithium sources and carbon
sources added to improve conductivity disadvantageously
cause a great amount of Li,CO;. Such Li,CO, is degraded
during charging, or reacts with an electrolyte solution to
produce CO, gas, thus disadvantageously causing production
of'a great amount of gas during storage or cycles. As a result,
disadvantageously, swelling of batteries is generated and
high-temperature stability is deteriorated.

In addition, the related patents by the H.Q company dis-
close physically coating carbon on LiFePO, However, when
surface coating is simply performed through physical bond-
ing, uniform coating is impossible, as can be seen from the
following Test Example.

Specifically, since oxygen is present on the surface of oli-
vine-structure particles, and oxygen and carbon cannot be
present on the surface though chemical bonding, if they are
chemically bonded to each other, they are converted into CO
or CO, gas and cannot be present on the surface of particles.
Accordingly, when carbon coating is performed on the oliv-
ine particle surface in a simple physical manner, bonding
force is considerably weak and the coating may be readily
separated even by a slight impact. In particular, in the process
of mixing an electrode slurry, active materials and carbon are
separated, and, as a result, the results obtained when excess
conductive material is added to the electrode occur. This may
cause a deterioration in electrode density.

Accordingly, in order to improve conductivity of LiFePO,,
there is an increasing need for techniques in which carbon
coating is uniform and active materials and carbon are not
separated from each other during slurry mixing.

DISCLOSURE
Technical Problem

Therefore, the present invention has been made to solve the
above problems and other technical problems that have yet to
be resolved.

As a result of a variety of extensive and intensive studies
and experiments to solve the problems as described above, the
inventors of the present invention have discovered that, when
carbon (C) is chemically bonded to lithium iron phosphate
having an olivine crystal structure, carbon can be uniformly
coated on the surface of an active material in the form of a thin
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film and is not separated in the process of slurry mixing.
Based on this discovery, the present invention has been com-
pleted.

Technical Solution

In accordance with one aspect of the present invention,
provided is lithium iron phosphate having an olivine crystal
structure, wherein the lithium iron phosphate has a composi-
tion represented by the following Formula 1 and carbon (C) is
coated on the surface of the lithium iron phosphate by chemi-
cal bonding via a heterogeneous element other than carbon.

Liy,.Fey M (PO,_1)X, (6]

wherein

M is at least one selected from Al, Mg, Ni, Co, Mn, Ti, Ga,
Cu, V,Nb, Zr, Ce, In, Zn and Y,

X is at least one selected from F, S and N, and

-0.5=a=<+0.5, 0=x=<0.5, 0=h=0.1.

The olivine-type lithium iron phosphate according to the
present invention can exhibit high electrical conductivity due
to uniform coating, prevent separation in the process of manu-
facturing electrodes due to strong bonding force and accom-
plish desired electrical conductivity in spite of being used in
a small amount, thus enhancing electrode density, since car-
bon is coated on the surface thereof through chemical bond-
ing.

Any compound may be used as an olivine-type lithium iron
phosphate according to the present invention so long as it
satisfies the condition of the following formula 1 and a rep-
resentative example thereof is LiFePO,.

The carbon (C) is preferably coated in an amount 0 0.01 to
10% by weight, based on the weight of the lithium iron
phosphate. When the content of carbon is excessive, the
amount of active material relatively decreases, capacity dis-
advantageously decreases and electrode density is disadvan-
tageously deteriorated. On the other hand, when the content
of carbon is excessively small, disadvantageously, desired
electrical conductivity cannot be obtained. The amount of
coated carbon is more preferably 0.03 to 7% by weight.

In addition, carbon is preferably uniformly coated on the
surface of lithium iron phosphate to a thickness of 2 to 10 nm.
When carbon is excessively thickly coated on the surface of
lithium iron phosphate, it may interfere with intercalation and
deintercalation of lithium ions, and on the other hand, an
excessively thin coating cannot secure uniform coating and
cannot provide desired electrical conductivity. A more pre-
ferred coating thickness may be 3 to 7 nm.

The chemical bonding is preferably not ionic bonding, but
covalent bonding.

When carbon is coated on the surface of lithium iron phos-
phate through chemical bonding, unlike physical coating,
advantageously, carbon can be uniformly coated in the form
of a thin film on the surface of lithium iron phosphate and is
not separated in the process of manufacturing electrodes.

Generally, it is considerably difficult to chemically bond
carbon to the surface of a metal or metal oxide. In addition, in
lithium metal oxides such as lithium iron phosphate, the end
of oxide is generally composed of oxygen and lithium metal
oxide evaporates in the form of CO or CO,, when chemically
bonded to carbon.

Accordingly, according to the present invention, carbon is
chemically bonded to the surface of lithium iron phosphate
through a heterogeneous element. Any element may be used
as the heterogeneous element without particular limitation so
long as it is not separated from the surface of lithium iron
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phosphate under vacuum, when chemically bonded to oxy-
gen, and do not impair actions of a secondary battery com-
prising lithium iron phosphate, and is preferably sulfur (S). In
this case, as an active material, lithium iron phosphate may be
chemically bonded to carbon (a material to be coated) for
example in the form of “oxygen-sulfur-carbon”.

The sulfur (S) serving as a bridge between carbon and
lithium iron phosphate is for example derived from a precur-
sor for preparation of lithium iron phosphate. When FeSO,, is
used for preparation of lithium iron phosphate, sulfur may
remain in the product after reaction. Generally, when sulfur
remains in the active material, repeated washing processes are
required in order to remove the sulfur.

On the other hand, according to the present invention, the
remaining sulfur (S) may be used for carbon coating. For
example, since carbon is coated after a predetermined amount
of sulfur remains on the surface of lithium iron phosphate by
reducing the number of the washing process or washing inten-
sity, in addition to the effect obtained by carbon coating based
on chemical bonding, simplification of washing process can
be realized and preparation costs of active material can be
thus reduced. In particular, when primary particles of lithium
iron phosphate are nanomaterials, filtering is not easy during
washing. Accordingly, by limiting the washing process, the
overall efficiency of secondary battery fabrication can be
further improved.

In another embodiment, the sulfur (S) may be incorporated
by coating lithium iron phosphate with a sulfur-containing
compound. The sulfur-containing compound may be one or
more selected from sulfides, sulfites and sulfates.

The sulfur may be contained in an amount of 0.005 to 1%
by weight, based on the total weight of the lithium iron
phosphate.

When the content of sulfur is excessively high, electrical
conductivity of active material as well as the density of elec-
trode may be deteriorated and, on the other hand, when the
content of sulfur is excessively low, sufficient chemical bond-
ing between lithium iron phosphate and carbon may be dis-
advantageously impossible. A more preferred sulfur content
may be 0.01 to 0.7% by weight.

The present invention provides a method for preparing the
olivine-type lithium iron phosphate.

In a preferred embodiment, the olivine-type lithium iron
phosphate may be prepared by a method comprising:

(a) primarily mixing precursors as starting materials and an
alkalinizing agent;

(b) secondarily mixing the mixture of step (a) with super-
critical or subcritical water to synthesize lithium iron phos-
phate;

(¢) mixing the synthesized lithium iron phosphate with a
carbon precursor and drying the mixture; and

(d) heating the mixture of lithium iron phosphate and the
carbon precursor.

In step (a), as a lithium precursor, one of the ingredients,
Li,CO;, Li(OH), Li(OH).H,O, LiNO; or the like may be
used. As an iron (Fe) precursor, a compound containing at
least a sulfur ingredient so that sulfur is left on the surface of
the produced lithium iron phosphate such as FeSO,,
FeC,0,.2H,0 or FeCl, may be used. FeSO, is particularly
preferred since it contains a sulfur element. As a phosphorus
(P) precursor, an ammonium salt such as H;PO,, NH,H,PO,,,
(NH,),HPO, or P,O5 may be used. In addition, examples of
the alkalinizing agent include alkali metal hydroxide, alka-
line earth metal hydroxide, an ammonia compound and the
like.
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In step (b), the supercritical or subcritical water may be
water at a pressure of 180 to 550 bar at 200 to 700 and the
heating temperature in step (d) may be 600 to 1200[].

Any carbon precursor may be used so long as it can pro-
duce carbon during a baking process under a reduced atmo-
sphere. Preferably, the carbon precursor may be a polyol-type
carbon-containing precursor and non-limiting examples
thereof include sucrose, cellulose, glucose and the like.

In another embodiment, the olivine-type lithium iron phos-
phate may be prepared by a method comprising:

(a") primarily mixing precursors as starting materials and
an alkalinizing agent;

(b") secondarily mixing the mixture of step (a') with super-
critical or subcritical water to synthesize lithium iron phos-
phate, followed by drying;

(c") heating the synthesized lithium iron phosphate; and

(d") milling the lithium iron phosphate and a carbon pow-
der.

In step (d"), the milling method is well-known in the art and
a detailed explanation thereof is thus omitted. In a preferred
embodiment, the milling method may be ball milling.

In step (d) or (c', the heating may be carried out under an
inert gas atmosphere. Any inert gas may be used without
particular limitation so long as it has low reactivity. Preferred
examples thereof include Ar, N, and the like.

The lithium iron phosphate according to the present inven-
tion may be in the form of a primary particle or a secondary
particle. The lithium iron phosphate in the form of a second-
ary particle may be prepared by drying a mixture of a primary
particle having a predetermined particle diameter, a binder
and a solvent, followed by aggregating.

In the mixture, preferably, the primary particle is present in
an amount of 5 to 20 wt % with respect to the weight of the
solvent and the binder is present in an amount of 5 to 20 wt %
with respect to the weight of the solvent. By controlling a ratio
of'the primary particle and the solvent, an internal porosity of
the secondary particle can be controlled. Examples of solvent
that can be used during the process include all organic sol-
vents of polar solvents such as water and non-polar solvents.
In addition, examples of the binder used in the step include,
but are not limited to, sucrose and lactose-based sugars,
PVDEF- or PE-based polymers and cokes which are soluble in
a polar solvent.

The dying and preparation of the secondary particles may
be carried out at the same time by various methods known in
the art, including spray drying, fluidized-bed drying, vibra-
tion drying, etc. In particular, rotating spray drying is pre-
ferred, because it enables preparation of secondary particles
in the form of spheres and thus improves tap density.

The drying may be carried out at 120 to 200] under inert
gas (e.g., Ar, N2) atmosphere.

Also, the olivine-type lithium iron phosphate according to
the present invention is preferably prepared by a coprecipita-
tion or solid phase method.

In another embodiment, the olivine-type lithium iron phos-
phate according to the present invention may be prepared by
a method comprising:

(a") synthesizing lithium iron phosphate using precursors
as starting materials by a coprecipitation or solid phase
method;

(b") adding the synthesized lithium iron phosphate to a
dispersion bath containing a sulfur-containing compound,
followed by stirring;

(c") drying the mixture obtained in step (b"), followed by
baking; and

(d") mixing the lithium iron phosphate obtained in step (c")
with a carbon powder, followed by milling, or mixing the
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calcinized lithium iron phosphate and a carbon precursor with
a solvent, followed by drying and baking.

The coprecipitation or solid phase method in step (a") is
well-known in the art and a detailed explanation thereof is
thus omitted.

The sulfur-containing compound used for step (b") may be
sulfide, sulfite, sulfate or the like, as mentioned above and
may be used within an amount of sulfur that is suggested in
the present invention.

The present invention provides a cathode mix comprising
lithium iron phosphate that is coated with carbon by a chemi-
cal method, as a cathode active material. The cathode mix
may optionally contain, in addition to the cathode active
material, a conductive material, a binder, a filler and the like.

The conductive material is commonly added in an amount
of 1 to 30% by weight, based on the total weight of the
mixture comprising the cathode active material. Any conduc-
tive material may be used without particular limitation so
long as it has suitable conductivity without causing adverse
chemical changes in the battery. Examples of conductive
materials include conductive materials, including graphite;
carbon blacks such as carbon black, acetylene black, Ketjen
black, channel black, furnace black, lamp black and thermal
black; conductive fibers such as carbon fibers and metallic
fibers; metallic powders such as carbon fluoride powders,
aluminum powders and nickel powders; conductive whiskers
such as zinc oxide and potassium titanate; conductive metal
oxides such as titanium oxide; and polyphenylene deriva-
tives.

The binder is a component which enhances binding of an
electrode active material to a conductive material and current
collector. The binder is commonly added in an amount of 1 to
30% by weight, based on the total weight of the mixture
comprising the cathode active material. Examples of the
binder include polyvinylidene, polyvinyl alcohol, carboxym-
ethylcellulose (CMC), starch, hydroxypropylcellulose,
regenerated cellulose, polyvinyl pyrrolidone, tetrafluoroeth-
ylene, polyethylene, polypropylene, cthylene propylene
diene terpolymer (EPDM), sulfonated EPDM, styrene buta-
diene rubbers, fluororubbers and various copolymers.

The filler is a component optionally used to inhibit expan-
sion of the electrode. Any filler may be used without particu-
lar limitation so long as it does not cause adverse chemical
changes in the manufactured battery and is a fibrous material.
Examples of the filler include olefin polymers such as poly-
ethylene and polypropylene; and fibrous materials such as
glass fibers and carbon fibers.

Meanwhile, the cathode active material may be composed
of only the olivine-type lithium iron phosphate and a combi-
nation of olivine-type lithium iron phosphate and lithium-
containing transition metal oxide, if necessary.

Examples of the lithium transition metal composite oxide
include, but are not limited to, layered compounds such as
lithium cobalt oxide (LiCoO,) and lithium nickel oxide
(LiNiO,), or compounds substituted with one or more tran-
sition metals; lithium manganese oxides such as compounds
of formula Li, , ,Mn, 0O, (0=<y=<0.33), LiMnOj;, LiMn,0;
and LiMnO,; lithium copper oxide (Li,CuO,); vanadium
oxides such as L.iV;0y, LiFe;0,, V,05 and Cu,V,0,; Ni-site
type lithiated nickel oxides of Formula LiNi, _ M, O, (M=Co,
Mn, Al, Cu, Fe, Mg, B or Ga, and 0.01=y=<0.3); lithium
manganese composite oxides of Formula LiMn, M, 0O,
(M=Co, Ni, Fe, Cr, Zn or Ta, and 0.01=<y=0.1), or formula
Li,Mn;MOq (M=Fe, Co, Ni, Cu or Zn); LiMn,O, wherein a
portion of Li is substituted with alkaline earth metal ions;
disulfide compounds; and Fe,(MoO,);.
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The present invention provides a cathode wherein the cath-
ode mix is applied to a collector.

The cathode for secondary batteries may be prepared by
applying a slurry obtained by mixing the cathode mix with a
solvent such as NMP to a cathode current collector, followed
by drying and press-rolling.

The cathode current collector is generally fabricated to
have a thickness of 3 to 500 um. There is no particular limit as
to the cathode current collector, so long as it has suitable
conductivity without causing adverse chemical changes in the
fabricated battery. Examples of the cathode current collector
include stainless steel, aluminum, nickel, titanium, sintered
carbon, and aluminum or stainless steel which has been sur-
face-treated with carbon, nickel, titanium or silver. If neces-
sary, these current collectors may also be processed to form
fine irregularities on the surface thereof so as to enhance
adhesive strength to the cathode active materials. In addition,
the current collectors may be used in various forms including
films, sheets, foils, nets, porous structures, foams and non-
woven fabrics.

The present invention provides a lithium secondary battery
comprising the cathode, the anode, a separator, and a lithium
salt-containing non-aqueous electrolyte.

For example, the anode is prepared by applying an anode
mix comprising an anode active material to an anode current
collector, followed by drying. The anode mix may comprise
the afore-mentioned ingredients, i.e., the conductive material,
the binder and the filler, if necessary.

The anode current collector is generally fabricated to have
athickness of 3 to 500 um. There is no particular limit as to the
anode current collector, so long as it has suitable conductivity
without causing adverse chemical changes in the fabricated
battery. Examples of the anode current collector include cop-
per, stainless steel, aluminum, nickel, titanium, sintered car-
bon, and copper or stainless steel which has been surface-
treated with carbon, nickel, titanium or silver, and aluminum-
cadmium alloys. Similar to the cathode current collector, if
necessary, these current collectors may also be processed to
form fine irregularities on the surface thereof so as to enhance
adhesive strength to the anode active materials. In addition,
the current collectors may be used in various forms including
films, sheets, foils, nets, porous structures, foams and non-
woven fabrics.

Examples of the anode active material include carbon and
graphite materials such as natural graphite, artificial graphite,
expanded graphite, carbon fiber, hard carbon, carbon black,
carbon nanotubes, perylene, activated carbon; metals alloy-
able with lithium, such as Al, Si, Sn, Ag, Bi, Mg, Zn, In, Ge,
Pb, Pd, Pt and Ti and compounds containing these elements;
composites of carbon and graphite materials with a metal and
a compound thereof; and lithium-containing nitrides. Of
these, a carbon-based active material, a silicon-based active
material, a tin-based active material, or a silicon-carbon-
based active material is more preferred. The material may be
used alone or in combination of two or more thereof.

The separator is interposed between the cathode and anode.
As the separator, an insulating thin film having high ion
permeability and mechanical strength is used. The separator
typically has a pore diameter 0o 0.01 to 10 pum and a thickness
of'5t0 300 um. As the separator, sheets or non-woven fabrics
made of an olefin polymer such as polypropylene and/or glass
fibers or polyethylene, which have chemical resistance and
hydrophobicity, are used. When a solid electrolyte such as a
polymer is employed as the electrolyte, the solid electrolyte
may also serve as both the separator and electrolyte.

The lithium salt-containing, non-aqueous electrolyte is
composed of a non-aqueous electrolyte and a lithium salt. As
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the non-aqueous electrolyte, a non-aqueous electrolyte solu-
tion, solid electrolyte and inorganic solid electrolyte may be
utilized.

Examples of the non-aqueous electrolyte solution that can
be used in the present invention include non-protic organic
solvents such as N-methyl-2-pyrollidinone, propylene car-
bonate, ethylene carbonate, butylene carbonate, dimethyl car-
bonate, diethyl carbonate, gamma-butyrolactone, 1,2-
dimethoxy ethane, tetrahydroxy Franc, 2-methyl
tetrahydrofuran, dimethylsulfoxide, 1,3-dioxolane, forma-
mide, dimethylformamide, dioxolane, acetonitrile,
nitromethane, methyl formate, methyl acetate, phosphoric
acid triester, trimethoxy methane, dioxolane derivatives, sul-
folane, methyl sulfolane, 1,3-dimethyl-2-imidazolidinone,
propylene carbonate derivatives, tetrahydrofuran derivatives,
ether, methyl propionate and ethyl propionate.

Examples of the organic solid electrolyte utilized in the
present invention, include polyethylene derivatives, polyeth-
ylene oxide derivatives, polypropylene oxide derivatives,
phosphoric acid ester polymers, poly agitation lysine, poly-
ester sulfide, polyvinyl alcohols, polyvinylidene fluoride, and
polymers containing ionic dissociation groups.

Examples of the inorganic solid electrolyte include
nitrides, halides and sulfates of lithium such as Li;N, Lil,
LisNI,, Li;N—LiI—LiOH, LiSiO,, LiSiO,—Lil—LiOH,
Li,SiS,, Li,Sio,, Li,Si0,—Lil—LiOH and Li,PO,—
Li,S—SiS,.

The lithium salt is a material that is readily soluble in the
above-mentioned non-aqueous electrolyte and examples
thereof include LiCl, LiBr, Lil, LiClO,, LiBF,, LiB,,Cl,,,
LiPF,, LiCF;S0;, LiCF,CO,, LiAsF,, LiSbF,, LiAlCl,,
CH,SO;Li, CF;S0;L4, (CF5;SO,),NLi, chloroborane
lithium, lower aliphatic carboxylic acid lithium, lithium tet-
raphenyl borate and imides.

Additionally, in order to improve charge/discharge charac-
teristics and flame retardancy, for example, pyridine, trieth-
ylphosphite, triethanolamine, cyclic ether, ethylenediamine,
n-glyme, hexaphosphoric triamide, nitrobenzene derivatives,
sulfur, quinone imine dyes, N-substituted oxazolidinone,
N,N-substituted imidazolidine, ethylene glycol dialkyl ether,
ammonium salts, pyrrole, 2-methoxy ethanol, aluminum
trichloride or the like may be added to the non-aqueous elec-
trolyte. If necessary, in order to impart incombustibility, the
non-aqueous electrolyte may further contain halogen-con-
taining solvents such as carbon tetrachloride and ethylene
trifluoride. Further, in order to improve high-temperature
storage characteristics, the non-aqueous electrolyte may fur-
ther contain carbon dioxide gas or the like and may further
contain fluoro-ethylene carbonate (FEC), propene sultone
(PRS), fluoro-ethlene carbonate (FEC) and the like.

The lithium secondary batteries according to the present
invention may be used as unit batteries of batter modules,
which are power sources of medium and large devices requir-
ing high-temperature stability, long cycle properties and high
rate properties.

Preferably, examples of medium and large devices include
power tools powered by battery-driven motors; electric
vehicles including electric vehicles (EVs), hybrid electric
vehicles (HEVs) and plug-in hybrid electric vehicles
(PHEV35); electric two-wheeled vehicles including electric
bikes (E-bikes), electric scooters (E-scooter); electric golf
carts and the like.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features and other advantages
of'the present invention will be more clearly understood from
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the following detailed description taken in conjunction with
the accompanying drawings, in which:

FIG. 1 is an SEM image (A) of lithium iron phosphate
particles of Comparative Example 1 which are coated with
carbon by physical bonding in Test Example 1 and an SEM
image (B) of lithium iron phosphate particles which are
coated with carbon by chemical bonding in Test Example 1;

FIG. 2 is a graph showing XPS analysis results of lithium
iron phosphate of Example 1 in Test Example 2;

FIG. 3 is an image showing results after lithium iron phos-
phate of Comparative Example 1 is stirred in a solvent in Test
Example 3;

FIG. 4 is an image showing results after lithium iron phos-
phate of Example 1 is stirred in a solvent in Test Example 3;

FIG. 5 is a graph showing 0.1 C and 1 C discharge profiles
with respect to the battery of Example 4 and the battery of
Comparative Example 4 in Test Example 5; and

FIG. 6 is a graph showing discharge profiles at 1** and 50?
cycles with respect to the battery of Example 4 and the battery
of Comparative Example 4 in Test Example 5.

BEST MODE

Now, the present invention will be described in more detail
with reference to the following examples. These examples are
provided only to illustrate the present invention and should
not be construed as limiting the scope and spirit of the present
invention.

Example 1

A first fluid stream containing an aqueous solution of iron
sulfate, phosphoric acid and sugar and a second fluid stream
containing a mixture of ammonia and an aqueous lithium
hydroxide solution were pumped under pressurization at a
rate of 5 ml/min and a pressure of 270 bar, a fourth fluid
stream containing 460[] ultrapure water was pumped under
pressurization to a third fluid stream supplied from the first
reactor at a rate of 100 ml/min at the same pressure, followed
by mixing in a second reactor.

In the first fluid stream, the mixed aqueous solution con-
sists of 22 parts by weight of iron sulfate and 9 parts by weight
of phosphoric acid (84 wt %), and 10% by weight of sugar is
contained, based on the weight of iron sulfate. The second
fluid stream consists 0of 1.4% by weight of ammonia and 6.5%
by weight of aqueous lithium hydroxide.

The mixture obtained from the second reactor was allowed
to stand in an about 400 ] third reactor for 10 seconds, cooled,
concentrated, and spray-dried at 130[], to prepare a precur-
sor.

A washing process was simply performed so that sulfur
remained in the precursor thus prepared, and baked under a
nitrogen atmosphere at 700[] for 11 hours to prepare lithium
iron phosphate in which carbon is coated through sulfur (S)
by chemical bonding.

Example 2

Iron sulfate and phosphoric acid were dissolved in distilled
water at an equivalent ratio enabling HFePO, to be obtained,
and HFePO, was synthesized while increasing basicity (pH)
of the obtained aqueous solution under the condition that
sulfur remains in the process of obtaining a precipitate by a
coprecipitation method. The HFePO, thus synthesized was
mixed with lithium carbonate and sugar, followed by spray-
drying to prepare precursor particles, the precursor particles
were baked under a nitrogen atmosphere at 700] for 11
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hours, to prepare lithium iron phosphate in which carbon is
coated by chemical bonding through sulfur (S).

Comparative Example 1

Lithium iron phosphate (P2 model, manufactured by the
company H.Q) was obtained. As can be seen from the instruc-
tion manual of the product, 2.2% by weight of carbon is
coated on the surface of lithium iron phosphate.

Comparative Example 2

Lithium iron phosphate was prepared in the same manner
as in Example 1 except that sugar was not added after the
precursor was prepared.

Test Example 1

The lithium iron phosphate particles of Comparative
Example 1 and lithium iron phosphate particles of Example 1
were measured by a microscope. The results are shown in
FIG. 1.

It can be seen that, in olivine-type lithium iron phosphate
(A) of Comparative Example 1 in which carbon is coated on
particle surfaces by physical bonding, carbon clumps were
present between particles and carbon was not uniformly
coated. The case in which carbon clumps are present means
that a great amount of carbon that cannot contribute to elec-
trical conductivity is present, thus causing a decrease in
capacity and density of batteries corresponding to the amount
of carbon.

On the other hand, it can be seen that, in lithium iron
phosphate (B) of Example 1 in which carbon is coated on the
particle surface by chemical bonding, carbon was uniformly
coated on the surface in the form of a thin film and carbon
clumps and the like were not present.

Test Example 2

In order to confirm a bonding state between carbon and
sulfur, lithium iron phosphate of Example 1 was subjected to
XPS analysis. The results are shown in FIG. 2. As can be seen
from FIG. 2, as a result of XPS analysis, carbon was
covalently bonded to sulfur. If sulfur is present in the form of
an ionic bonding, sulfur is dissolved in an electrolyte solution
during charge/discharge or at high temperatures, thus causing
serious problems of batteries such as decrease in capacity and
stability.

Test Example 3
The carbon amount and electrical conductivity of lithium

iron phosphates of Comparative Examples 1 and 2 and
Examples 1 and 2 were measured. The results are shown in

the following Table 1.
TABLE 1
Carbon amount Electrical conductivity
Comp. Ex. 1 22wt % 4.4%1072
Comp. Ex. 2 0wt % 2.1 %1071
Ex. 1 1.9 wt % 3.2%107!
Ex. 2 2.0 wt % 13*107!

As can be seen from Table 1, lithium iron phosphate of
Comparative Example 2 in which carbon was not coated
exhibited considerably low electrical conductivity. It can be



US 9,331,329 B2

11

seen that the lithium iron phosphate of Examples 1 and 2
according to the present invention exerted high electrical
conductivity, although they contained a smaller amount of
carbon as compared to lithium iron phosphate of Comparative
Example 1.

Test Example 3

Lithium iron phosphates of Comparative Example 1 and
Example 1 were added to a 500 mL beaker, 200 mL of water
was added thereto, and the mixture was vigorously stirred for
5 minutes, and allowed to stand for 10 minutes. Then, varia-
tions were measured. Images associated with the measured
results are shown in FIGS. 3 and 4.

As can be seen from FIG. 3, in the lithium iron phosphate
of Comparative Example 1, lithium iron phosphate was com-
pletely separated from carbon and gray LiFePO,, was precipi-
tated. On the other hand, in lithium iron phosphate of
Example 1 according to the present invention, lithium iron
phosphate was not separated from carbon, since carbon was
coated on the surface of lithium iron phosphate by strong
chemical bonding.

Example 3

95% by weight of lithium iron phosphate prepared in
Example 1, as a cathode active material, 2.5% by weight of
Super-P as a conductive material and 2.5% by weight of
PVdF as a binder were added to NMP, to prepare a cathode
mixture slurry. The slurry was coated on one surface of an
aluminum foil, followed by drying and pressing, to manufac-
ture a cathode.

An electrode assembly in which Cell Guard™ as a sepa-
rator is interposed between Li metal foils as the cathode and
the anode was manufactured, and a lithium non-aqueous elec-
trolyte solution containing 1M LiPF was added to a mixed
solvent of cyclic and linear carbonates to manufacture a bat-

tery.
Example 4

A battery was fabricated in the same manner as in Example
3 except that lithium iron phosphate prepared in Example 2
was used as a cathode active material.

Comparative Example 3

A battery was fabricated in the same manner as in Example
3 except that lithium iron phosphate of Comparative Example
1 was used as a cathode active material.

Comparative Example 4

A battery was fabricated in the same manner as in Example
3 except that lithium iron phosphate of Comparative Example
2 was used as a cathode active material.

Test Example 4

The capacities of batteries of Examples 3 and 4 and Com-
parative Examples 3 and 4 were measured. The results are
shown in the following Table 2.
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TABLE 2

Capacity of batteries

Ex.3 160 mAh/g
Ex. 4 157 mAh/g
Comp. Ex. 3 154 mAh/g
Comp. Ex. 4 62 mAh/g

As can be seen from Table 2, although the batteries of
Example 3 and 4 contain a smaller amount of carbon, as
compared to the battery of Comparative Example 3, such
carbon is firmly bonded by chemical bonding. For this reason,
the batteries exhibit superior electrochemical properties.

Test Example 5

With respect to the battery of Example 4 and the battery of
Comparative Example 4, variations were measured under 0.1
Cand 1 C discharge conditions. The results are shown in FIG.
5. Discharge states were measured at 1st cycles and 507
cycles. The results are shown in FIG. 6.

As can be seen from FIGS. 5 and 6, the battery of Example
4 inhibited IR drop due to chemical bonding of carbon, thus
increasing discharge profiles. In particular, the battery of
Example 4 exhibited a small increase in resistance at 50”
cycle, as compared to the battery of Comparative Example 4.
The reason for this is thought to be that, although not clearly
found, conductivity increases due to presence of carbon
through a high bonding force, and/or negative reactivity with
an electrolyte solution is inhibited and resistance is decreased
through uniform coating.

Accordingly, the compound according to the present
invention enables fabrication of batteries in which power
characteristics are important and an increase in resistance is
small even after cycles.

Although the preferred embodiments of the present inven-
tion have been disclosed for illustrative purposes, those
skilled in the art will appreciate that various modifications,
additions and substitutions are possible, without departing
from the scope and spirit of the invention as disclosed in the
accompanying claims.

INDUSTRIAL APPLICABILITY

As apparent from the afore-going, the olivine-type lithium
iron phosphate according to the present invention has a struc-
ture in which carbon is coated on lithium iron phosphate by
chemical bonding, thus advantageously enabling uniform
thin film coating on the surface of active materials, being not
readily separated in the process of fabricating electrodes and
exhibiting superior conductivity and density.

The invention claimed is:

1. Lithium iron phosphate having an olivine crystal struc-
ture suitable for lithium secondary battery, wherein the
lithium iron phosphate has a composition represented by the
following Formula 1 and carbon (C) is coated on the surface
of'the lithium iron phosphate by chemical bonding via sulfur
(S) in form of ‘oxygen-sulfur-carbon’, and

wherein the sulfur (S) is contained in the lithium iron
phosphate in an amount of 0.005 to 1% by weight, based
on the total weight of the lithium iron phosphate:

Liy,.Fey M (PO,_1)X, (6]
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wherein
M is at least one selected from Al, Mg, Ni, Co, Mn, Ti, Ga,
Cu, V,Nb, Zr, Ce, In, Zn and Y,
X is at least one selected from F, S and N,
-0.5=a=+0.5, 0=x=0.5, 0=b=0.1.

2. The lithium iron phosphate according to claim 1,
wherein the lithium iron phosphate is LiFePO,,.

3. The lithium iron phosphate according to claim 1,
wherein the carbon is coated at an amount of 0.01 to 10% by
weight, based on the total weight of the lithium iron phos-
phate.

4. The lithium iron phosphate according to claim 1,
wherein the carbon is coated on the surface of lithium iron
phosphate to a thickness of 2 to 10 nm.

5. The lithium iron phosphate according to claim 1,
wherein the sulfur (S) is derived from a precursor for prepa-
ration of lithium iron phosphate.

6. The lithium iron phosphate according to claim 1,
wherein the sulfur (S) is incorporated by coating lithium iron
phosphate with a sulfur-containing compound.

7. The lithium iron phosphate according to claim 6,
wherein the sulfur-containing compound is one or more
selected from sulfides, sulfites and sulfates.

8. The lithium iron phosphate according to claim 1,
wherein the lithium iron phosphate is prepared by a super-
critical hydrothermal method.

9. A method for preparing the lithium iron phosphate
according to claim 1 comprising:

(a) primarily mixing precursors as starting materials and an

alkalinizing agent;

(b) secondarily mixing the mixture obtained in step (a)
with supercritical or subcritical water to synthesize
lithium iron phosphate;

(c) mixing the synthesized lithium iron phosphate with a
carbon precursor and drying the mixture; and

(d) heating the mixture of lithium iron phosphate and the
carbon precursor.

10. A method for preparing the lithium iron phosphate

according to claim 1 comprising:

(a") primarily mixing precursors as starting materials and
an alkalinizing agent;

10

25

30

35

40

14

(b") secondarily mixing the mixture obtained in step (a')
with supercritical or subcritical water to synthesize
lithium iron phosphate, followed by drying;

(c') heating the synthesized lithium iron phosphate; and

(d") milling the lithium iron phosphate and a carbon pow-
der.

11. The method according to claim 9, wherein the heating

is carried out under an inert gas atmosphere.

12. A method for preparing the lithium iron phosphate
according to claim 1 comprising:

(a") synthesizing lithium iron phosphate using precursors
as starting materials by a coprecipitation or solid phase
method;

(b") adding the synthesized lithium iron phosphate to a
dispersion bath containing a sulfur-containing com-
pound, followed by stirring;

(c") drying the mixture obtained in step (b"), followed by
baking; and

(d") mixing the dried/baked lithium iron phosphate with a
carbon powder, followed by milling, or mixing the dried/
baked lithium iron phosphate and carbon precursor with
a solvent, followed by drying and baking.

13. A cathode mix comprising the lithium iron phosphate

according to claim 1 as a cathode active material.

14. A lithium secondary battery comprising a cathode in
which the cathode mix according to claim 13 is applied to a
current collector.

15. The lithium secondary battery according to claim 14,
wherein the lithium secondary battery is used as a unit battery
of a battery module that is a power of a medium to large
device.

16. The lithium secondary battery according to claim 15,
wherein the medium to large device is a power tool, an electric
vehicle, a hybrid electric vehicle, or an electric golf cart.

17. The method according to claim 10, wherein the heating
is carried out under an inert gas atmosphere.

18. The lithium iron phosphate according to claim 1,
wherein the sulfur (S) is contained in the lithium iron phos-
phate in an amount of 0.01 to 0.7% by weight, based on the
total weight of the lithium iron phosphate.

#* #* #* #* #*



